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Abstract
Multiple submarine landslides have been previously documented on the north flank
of the Santa Barbara Channel, and such failures are considered to be capable of generating
local tsunamis hazards to the Santa Barbara region. 2D seismic-reflection datasets provide
a general view of regional framework geology, including faulting and folding associated
with north-south compression. However, better understanding of the relationships
between faults, folds, stratigraphic architecture, and submarine landslides can be obtained
with 3D seismic datasets. In this study we use an industry 3D seismic-reflection volume
that encompasses the slope and shelfbreak surrounding the Gaviota submarine landslide
(3.8 km2) to investigate structural and stratigraphic controls on slope failure in this region.
The depth-migrated seismic volume shows a network of stacked thrust faults, backthrusts,
and splays that result in both broad and local zones of compression, folding, and uplift
along the slope and shelf. One localized zone of enhanced folding and uplift associated with
small-scale thrust faults is located directly beneath the Gaviota landslide, while another
zone is located directly below the westernmost extent of a seafloor fissure inferred to
represent incipient failure. In addition, 3D seismic attribute analysis provides insight into
the shallow sedimentary section of the failed and non-failed sedimentary packages.
Calculation of RMS amplitude within a windowed region below the seafloor horizon
delineates an apparent zone of gas-charged strata that onlaps onto older folded sediments.
The up-dip limit of these gas-charged sediments appears to align with the location of
seafloor fissures and the Gaviota landslide headwall. The slope gradient surrounding the
Gaviota slide is only 4°, which is significantly lower than the internal friction angle for finegrained marine sediments. It is therefore proposed that the combination of active
7

deformation and fluid charging acted to pre-condition and trigger the failure of the Gaviota
landslide through a reduction in shear strength. These conditions are also present in intact
sections of the slope adjacent to the Gaviota landslide, which should be considered prone to
future landslides.
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Introduction
Submarine landslides are known to occur on continental margins around the world,
some of which are thought to be capable of generating destructive tsunamis. Nevertheless,
our understanding of the physical processes that precondition submarine slopes for failure
and the mechanisms that trigger failure are limited. Recently released state-of-the-art
marine geophysical and geological data from the tectonically active Santa Barbara Basin
(SBB), offshore Southern California, presents an ideal opportunity to examine these
concepts. The SBB region is known to experience large earthquakes, which are established
landslide triggering mechanisms, yet submarine landsliding along the continental slope
occurs only along discreet sections (Toppozada et al., 2000; cited in Lee et al., 2009). This
study tests the hypothesis that some combination of localized variations in deformation
and deposition may act together as landslide preconditioning factors. Within the SBB 2D
seismic-reflection datasets have previously been used to provide a general view of regional
framework geology, however 3D seismic analysis can reveal a much more complex and
comprehensive view of along-strike variations within the structural and stratigraphic
architecture of the basin. This study uses a publically available industry-collected 3D
seismic-reflection dataset to map key structural and stratigraphic features across the slope
and shelfbreak of the northwest SBB surrounding the Gaviota submarine landslide (Figure
1). The spatial relationships between faults, folds, sedimentary packages, and seafloor
geomorphology are analyzed to investigate the factors that appear to have preconditioned
the slope of the SBB for failure.
The SBB is located offshore southern California within the Western Transverse
Ranges (Fig. 1). The basin is part of an active fold and thrust belt experiencing north-south
10

compression and is bounded by the Santa Ynez Range to the north and the Northern
Channel Islands to the south. Previously documented east-west trending structures
include multiple high-angle reverse faults and anticlinal/synclinal pairs (Fisher et al. 2005).
Within the seismically active basin, 15 earthquakes equal to or greater than M 5.0 have
been recorded over the last 200 years (Toppozada et al., 2000; cited in Lee et al., 2009).
Submarine landslides within the SBB have been documented along the continental slope
and include the Goleta landslide complex, Conception Fan slide, Gaviota slide, East slide 1,
and East slide 2 (Duncan et al., 1971; Fisher et al., 2005; Greene et al., 2006) (Figure 1).
The 3D seismic volume used in this study encompasses the northwest SBB, covering
sections of the Conception Fan and northern slope (Fig. 1). Seafloor geomorphic features
imaged by high-resolution multibeam bathymetry in the same location of the 3D survey
include pockmarks, seafloor fissures, submarine fan channels, and the Gaviota landslide.
This landslide is located on the northern slope, approximately 15 km southeast of Gaviota.
The slide is 1.65 km wide, 2.6 km long, and covers an area of 3.78 km2 (Greene et al., 2006).
Notable features near the Gaviota slide include two fissures; one that extends ~3 km east in
line with the scarp and appears to be continuous from the head of the slide, and one ~860
m in length, ~2000 m west of the western extent of the slide that does not appear to be
directly continuous (Fig. 2). This study examines the spatial relationships between faultrelated deformation and stratal geometry in the vicinity of the Gaviota landslide to
determine the factors that appear to have preconditioned this site for failure. The results
from this study led to the development of a conceptual model to aid in the identification of
sections along the SBB slope, and potentially other continental margins that may be at risk
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to future earthquake-induced submarine landsliding. This model indicates that the nearby
western fissure may be at risk for failure.
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Literature Review
Tectonic history of southern California from late Mesozoic to present:
During the Mesozoic and Cenozoic, the Farallon plate subducted along its eastern
edge under the western margin of the North American plate in what is now southern
California (Atwater, 1998). During this time, “oceanic lithosphere of an area equivalent to
the entire Pacific basin” was subducted (Atwater, 1998). By the Oligocene, rifting
associated with the East Pacific Rise had neared the southern edge of the North America
(Atwater, 1998). At 30 Ma, the northern segment of the Farallon plate began
dismembering, resulting in the formation of the Monterey and Arguello microplates
(Atwater, 1998; Nicholson et al., 1994). According to Atwater’s study of magnetic anomaly
patterns along the northeast Pacific, the trench associated with subduction of the Farallon
plate remained active until ~ 29 Ma in the area south of the Mendocino fracture zone
(Atwater, 1970). Two triple junctions formed as the ridge approached the trench; the
Mendocino Triple Junction formed in the north and migrated northward to its present
location offshore northern California, while the Rivera Triple Junction migrated southward
to its location near the mouth of the Gulf of California (Mexico). As the two triple junctions
migrated in opposite directions, the North American and Pacific transform margin
lengthened, and formed today’s San Andreas Fault system (Fig. 3).
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Figure 3: “Schematic diagrams demonstrating the regional geometry of the PacificNorth American plate boundary, with regions of transtension and transpression dictated by
the relationship between the relative plate motion vector and the trend of the plate
boundary. The transfer of Baja California to the Pacific plate about 5 Ma (transition
between B and C changed the overall tectonic regime in southern California from
transtension to transpression” (Atwater, 1998).

During the Early Miocene (~19 Ma) three north-south oriented blocks splintered
from the continent: the Santa Lucia Bank, Western Transverse Ranges, and the Outer
Borderland blocks (Atwater 1998). The Santa Lucia Bank and Outer Borderland blocks
were transferred to the Pacific plate, while the northern portion of the Transverse Ranges
Block remained attached to the continent (Fig. 4) (Atwater, 1998). At ~ 22 Ma spreading
between the Pacific plate and Monterey microplate slowed dramatically, and oblique
subduction transitioned to transtensional transform motion (Nicholson et al., 1994).
Spreading stopped at 20 Ma and the partially subducted Monterey microplate was
transferred to the Pacific plate, resulting in right-lateral shear and crustal extension on the
16

North American plate (Nicholson et al., 1994). In the Miocene, Pacific plate motion was
oriented ~ 300°, changing to 323° at 8 Ma (Atwater, 1998). Motion over the last 3 Ma has
remained at 324° ± 5°, indicating that there has been little change in the direction of plate
motion for an extended period (DeMets et al., 1990, cited in Jackson and Molnar, 1990).
Because the Western Transverse Ranges block was more deeply positioned in the
continent its northern end became “snagged” in the left step of the plate boundary, while
the southern end was subject to WNW plate motion. This caused the Western Transverse
Ranges block to rotate clockwise – initially swinging the southern end out toward the sea,
followed by a northward motion until the block moved parallel to the coast (Fig. 4)
(Atwater, 1998). The outer Borderland block did not undergo rotation due to its tandem
motion with the Pacific plate. Therefore, it was not subjected to any stepping of the plate
boundary (Nicholson et al., 1994). Paleomagnetic data from areas of the Western
Transverse Ranges block indicate a rotation of 80° to 110° clockwise in rocks older than 16
Ma, while younger rocks indicate progressively less rotation (Atwater, 1998).
Another prominent shift in the tectonic history of southern California occurred in
the Plio-Pleistocene and is responsible for the modern transpressive setting in the Western
Transverse Ranges. At 5 Ma the plate boundary jumped eastward from the Borderlands
into the Gulf of California, resulting in Baja California becoming part of the Pacific plate, and
being transported northwest and against southern California (Atwater, 1998). This, along
with the “bend” or left step of the San Andres Fault in this region, is responsible for the
oblique collision and north-south compression of the SBB from 5 Ma to the present
(Atwater, 1998). The highly transpressional tectonic setting is unique to the strike-slip
characteristics that are typical along the rest of the San Andres Fault throughout California,
17

and is directly related to both this bend and the “locked” segment that is the Western
Transverse Ranges (Fischer, 1998).

Figure 4: Schematic of late Cenozoic rotations of the Transverse Ranges block (TR)
in southern California (from Atwater, 1998).
Regional setting of the Santa Barbara Basin:
The SBB is considered to be a continuation of the Transverse Ranges and of the
onshore Ventura Basin (Shaw and Suppe 1994; Fisher, 2005). The basin is part of an active
fold and thrust belt experiencing north-south compression (Fig. 1). Jackson and Molnar
(1990) describe that some of the Pacific plate’s motion of 48 ± 2.5 mm/yr in the direction
of 324° ± 5° (average motion over the last 3 years) is absorbed by strain across the Mojave
region, slip on the San Andreas, and by rotation, compression, and shear across the
Western Transverse Ranges (Jackson and Molnar, 1990). The Western Transverse Ranges
is undergoing convergence of 21 ± 3 mm/yr toward 23° ± 17° (Jackson and Molnar, 1990).
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This was determined using the relative velocities of the Pacific and North America plates,
the western edge of the Mojave region with respect to the North America plate, and the
displacement across the San Andreas in the area of the big bed (Jackson and Molnar, 1990).
In the Ventura Basin (east of the SBB), shortening in the direction of ~ 25° has been
calculated by Yeats (1983; as cited in Jackson and Molnar, 1990) at 21 mm/yr (since 0.2
m.y.) and by Rockwell (1983; as cited in Jackson and Molnar, 1990) at 14 mm/yr (since 0.1
m.y.). These values agree with the convergence in the Western Transverse Ranges as
calculated by Jackson and Molnar (1990).
The SBB is characterized by east-west trending structures. These structures include
multiple thrust faults, reverse faults, left-lateral oblique-slip faults, and anticlinal/synclinal
pairs (Shaw and Suppe, 1994; Fischer, 1998; Fisher, 2005). Faults include the Government
Point and Point Conception faults, the western extension of the South Santa Ynez fault zone,
North Channel, Oak Ridge, and Pitas Point fault (Fig. 5) (Fischer, 1998; Fisher, 2005). Eastwest folds include the Conception-Government point anticlinal-synclinal pair and the
Molino-Gaviota anticlinal-synclinal trend (Fischer, 1998). The folded architecture of the
basin has led to structural trapping of oil and gas throughout the hydrocarbon-rich basin in
both the Hondo and Pescado anticlines (Galloway 1998; Lockman and Schwalbach, 1996).
Multiple faults in the area are believed to be capable of movement (Yerkes et al., 1981;
Yerkes, 1985; Vedder et al., 1986; McCulloch, 1989; cited in Edwards et al., 1995), some of
these structures showing Holocene surface rupture (Ziony and Yerkes, 1985; cited in
Edwards et al., 1995).

19

Figure 5: Structural map of Santa Barbara Basin showing landslides marked by L
and a number as well as anticlines marked by A and a number (from Fisher et al., 2005).

The SBB is bounded by the North Channel Islands to the south and the Santa Ynez
Range to the north. The basin floor has a relatively flat slope of 0.4° and is 589 m at its
deepest. The northern and southern flanks have slopes of 2.5° and 1.7° respectively (Green
et al., 2006; Lee et al., 2009). From west to east, the shelf break is located 8 km southeast of
Point Conception at 100 m depth, 4.5 m south of Gaviota with depths ranging from 50 – 85
m, and 15 km offshore in the east at a depth of 100 m (Green et al, 2006).

20

Sedimentary processes within the Santa Barbara Basin:
The northwestern SBB is composed of six geomorphic provinces as described by
Duncan et al. (1971; cited in Fischer and Cherven, 1998) and Fischer (1972 and 1976; cited
in Fischer and Cherven, 1998): (1) Northern Shelf, (2) Northern Slope, (3) Conception Fan,
(4) Southern or Island Slope, (5) Basin Trough, and (6) Western Sill provinces (Fig. 6). The
basin has three sediment sources: the Ventura River, the Santa Clara River, and surface
currents flowing around Point Conception toward the southeast (Figs. 6 and 8) (Edwards et
al., 1995). A large amount of the sediment from the Ventura and Santa Clara Rivers in the
east of the basin is transported to the southeast into the Santa Monica Basin, while smaller
amounts are brought westward by the Anacapa Current into the SBB (Thornton, 1981; as
cited in Edwards et al., 1995). These rivers deliver fine-grained siliciclastics as surface and
mid-water suspensate plumes (Behl, 1995). The surface currents flowing around Point
Conception provide terrigenous mud to the western portion of the basin (Edwards et al.,
1995).

21

Figure 6: Geomorphic setting of the Santa Barbara Basin (from Fischer and Cherven,
1998).
The Conception Fan lies in the northwest part of the basin and is bounded to the
west by the western sill and to the east by the slope (Fig. 6; Fischer and Cherven, 1998).
The fan extends from the shelf break at two Gaviota Canyons where its deposits trend
initially to the south, and then toward the southeast where the deposits reach the basin
floor (Fischer and Cherven, 1998). The fan is 25 km in length and 6 – 12 km wide near its
head, and is 20 km wide near its toe (Fischer and Cherven, 1998). The modern surface of
the fan is cut by four main channels: the Western, Pescado, Central, and Eastern. Fischer
and Cherven (1998) suggested that the Eastern and Central are the youngest and most
recently active because they have the best-developed morphological expression. The
Eastern channel is the longest of the four at 20 km and is believed to have remained active
into late Holocene time where it deposited a small lobe on the basin floor (Fischer and
22

Cherven, 1998). The modern surface of the fan is composed of mud and is therefore
believed to be inactive, with mud accumulation likely due to hemipelagic sedimentation
during sea level high-stand (Fischer and Cherven, 1998). The fan is made up of four
depositional sequences, each marked by a thick deposit of sand that is capped by a thin
layer of mud (Fischer and Cherven, 1998). The first coarse clastic sediments were
deposited on top of the mudstones of the Pico Formation (Fischer and Cherven, 1998). The
four depositional sequences are believed to have been deposited during low stand periods
within the mid-late Pleistocene while the mud on the top of the fan is believed to have been
deposited from the early Holocene to the present (Fischer and Cherven, 1998). The
depositional environment marked by the slope-front fill facies is made up of mud and clay
rich pelagic and hemipelagic deposits and covers not only the fan but extends over the
entire northern part of the basin (Fischer and Cherven, 1998).
The sedimentary section in the basin begins at the Cretaceous Jalama Formation
that overlies basement metasediments and metavolcanics of the Franciscan Complex (Fig.
7) (Galloway, 1998). In the western and central areas of the SBB, Eocene units
unconformably overlie basement, Cretaceous, or Paleocene rocks (Galloway, 1998). The
Eocene section is recognized as a marine forearc environment that shows shallowing
upward from shale-rich to sand-rich formations (Galloway, 1998). Above these are the
shallow marine deposits of the Sespe and Alegria Formations of the Oligocene (Galloway,
1998). The Sespe Formation is marked by depositional environments like braided streams,
meandering rivers, and fan deltas while the Alegria is mostly sandstone and siltstone
(Galloway, 1998). In the SBB the Oligocene deposits are typically between 910 – 1,210 m
thick (Galloway, 1998). Overlying these are the Vaqueros Sandstone, Rincon Shale,
23

Monterey Formation, and Sisquoc Formation of the Miocene (Fig. 7; Galloway, 1998).
These units indicate subsidence of the basin within the late Oligocene or early Miocene and
show basin-plain, slope, banktop, and shelf environments with a maximum total thickness
of ~2,440 m (Galloway, 1998). In a description of stratigraphic units of the northern
section of the basin, the Monterey formation from the early to late Miocene is described as
containing bathyal siliceous, calcareous, and diatomaceous mudstones, phosphatic shale,
chert, and sandstone beds predominately in the lower part of the section (Tennyson and
Kropp, 1998). The late Miocene to early Pliocene Sisquoc formation consists of bathyal
diatomaceous mudstone (Tennyson and Kropp 1998). Syn-tectonic sedimentation (i.e.
thinning and thickening of strata) is evident from the late Miocene or Sisquoc formation,
which suggests that onset of compression in the basin at around 5-6 Ma (Fischer and
Cherven, 1998). Units in the Pliocene include the Repetto and Pico Formations (Fig. 7) and
indicate a shallowing-upward sequence (Galloway, 1998). The Repetto contains thin,
interbedded, medium- to fine-grained sandstones and shales (Galloway, 1998). The Pico is
marked by arkosic sandstones and gravels (Galloway, 1998). Both of these environments
are interpreted as bathyal to neritic, turbidite, and fan environments (Galloway, 1998).
Tennyson and Kropp describe both of these units as containing bathyal siltstones,
sandstones, and occasional conglomerates (Tennyson and Kropp, 1998). While nearly
every formation contains identified oil and gas reservoirs, Galloway (1998) ranks the Pico
and Repetto turbidite sandstones as having produced the largest volume of oil and
condensate.
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Figure 7: Stratigraphic
Column and key for the
Santa Barbara-Ventura
Basin province. Units
are in feet (from
Galloway, 1998).
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Figure 8: Sediment distribution during times of floods (from Greene et al., 2006).
Ocean Drilling Program (ODP) Site 893 is located near the basin center, southwest
of the toe of the western lobe of the Goleta landslide complex. The 196.5 m core of 893A
and 68.8 m core of 893B retrieved intermittently laminated sediments of the upper
Quaternary (Behl, 1995). The core from ODP site 893, aside from infrequent thin sand
layers, consists almost entirely of hemipelagic mud consisting of 80% – 90% terrigenous
silty clay to clayey silt and <10% composed of diatoms and nannofossils (Behl, 1995). Core
893A contains sediment as old as ~160 ka, part of oxygen isotope Stage 6 (Behl, 1995). In
this study Behl (1995) associates laminated sediments with warm intervals and massive
sediments with cool to cold intervals. The last glacial maximum (LGM) at ~20 ka is
interpreted to be marked by massive bedding between ~25 – 35 mbsf (meters below
seafloor) (Behl, 1995). Deposition since the LGM is characterized by a laminated mud
sequence in an anaerobic environment with one exception: the Younger Dryas (Behl,
1995). This cooling event from ~13 – 11 ka is marked by the deposition of bioturbated
sediment from 20.5 – 17.5 mbsf (Behl, 1995). Behl (1995) describes that changes in sea
26

level have a dramatic effect on the geometry of the marginal SBB. Furthermore, Behl (1995)
explains that at maximum lowstand the depositional area of the basin is approximately half
that of the modern basin, and that if input fluxes are held constant, linear sedimentation
and mass accumulation rates are doubled.

Submarine landslides: Slope failure mechanics and case studies
Landslides, by definition, are the downward and outward movement of slopeforming materials, wherein shear failure occurs along one or several surfaces (Eckel, 1958;
Schuster, 1978; as cited in Hampton et al., 1996). Although submarine landslides occur in a
wide range of seafloor environments, five environments are the most common: (1) fjords,
(2) active river deltas on the continental margin, (3) submarine canyon-fan systems, (4) the
open continental slope, and (5) oceanic volcanic islands and ridges (Hampton et al., 1996).
For the purpose of this study, the focus will be on submarine landslides on the open
continental slope. A recent review of submarine landslide studies found that ten causes are
hypothesized to be possible triggers for landslide generation: (1) oversteepening, (2)
seismic loading, (3) storm-wave loading, (4) rapid accumulation and underconsolidation,
(5) gas charging, (6) gas hydrate disassociation, (7) low tides, (8) seepage, (9) glacial
loading, and (10) volcanic island growth (Locat and Lee, 2002).
Landslides occur when the driving shear stress on a slope exceeds the shear
strength or the slope-forming material (Hampton et al., 1996). The equation for shear
strength (or the shear stress at failure, τf) is defined as:
τf = c’ + (σ-u) tan ’
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where c’ is the effective cohesion, ’ is the friction angle, σ is the stress acting normal to the
failure surface, and u is the pore water pressure (Hampton et al., 1996). The effective
normal stress is the term (σ-u) (Hampton et al., 1996). If the pore water pressure
increases, the effective normal stress decreases and thus reduces the shear strength. Three
common shear stresses are recognized: (1) gravity, (2) seismically induced stress, and (3)
storm-wave induced stress (Hampton et al., 1996). While continental slopes are often
steep, typically 3° – 6° (Shepard, 1963; as cited in Hampton et al., 1996), the force of gravity
alone is not enough to generate failure (Ross, 1971; Almagor and Wiseman, 1977; Hampton
et al., 1978; as cited in Hampton et al., 1996). It is believed that multiple environmental
stresses act together to contribute to slope instability (Hampton et al., 1996).
Large submarine landslides within the Atlantic Ocean are described by Lee (2009).
In this review he describes a few of the temporally varying factors that influence
submarine slope stability and described how glaciation, among other things, ties into these
factors (Lee, 2009). He focuses on five preconditioning factors: (1) Quantities, types, and
rates of accumulation of sediment delivered to margins (sediment input to margins is
generally high during glacial periods and thus leads to instability), (2) the location of
depocenters on the shelf or the slope (sea level is lowered during glacial periods and thus
deposition occurs on the slope as unstable shelf edge deltas), (3) changes in seafloor
pressures and temperatures (sea level changes alter hydrostatic pressures and can
destabilize gas hydrates), (4) changes in seismicity related to isostatic loading or unloading
(changes in ice sheet thickness can cause large changes in crustal stress), (5) changes in
groundwater flow conditions within the continental slope and shelf (changes in sea level
alter the conditions and rates of groundwater flow) (Lee, 2009).
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Sultan et al. (2007) conducted a study of submarine landslides in the Niger Delta, in
what is described as the south compressional zone and has an imbricate thrust structure.
The multibeam bathymetry of the study area shows three submarine slope failures as well
as several pockmarks. Pockmarks are circular depressions that form on the seafloor above
areas of gas venting (i.e. chimneys) and were originally described by King and MacLean
(1970) (cited in Cathles et al., 2010). In the study by Sultan et al. (2007), some of the
pockmarks are situated above faults and it is therefore believed that these faults are
potentially acting as fluid migration pathways. A deep towed chirp profile oriented roughly
parallel to the flow direction of the easternmost landslide of their study area indicates
dense faulting at shallow depths beneath the slide area. They have interpreted from 3D
seismic data that the location of this landslide corresponds to anticlines and faults that
increase both compressional strengths and uplift of shallow sedimentary beds. While
faulting occurs in both the older structural anticline and shallow depths, the pore
pressuring monitoring did not suggest that these features are currently acting as pathways
for pore fluid migration (Sultan et al., 2007). Using a 3D slope stability model, the study
determined that the compressive structure could potentially be the triggering mechanism
for landsliding in the area (Sultan et al., 2007).

Submarine landslides of the Santa Barbara Basin:
The tectonic setting of the Southern California continental margin presents an ideal
setting for submarine slope failure. Much of the margin is in proximity to seismically active
thrust and strike slip faults that are capable of generating large seismically induced
stresses, and which have also resulted in the development of steep slopes (Lee et al., 2009).
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In the immediate area of the SBB, 15 earthquakes equal to or greater than M 5.0 have been
recorded over the last 200 years (Toppozada et al., 2000; cited in Lee et al., 2009). The
tectonics of Southern California result in the rapid uplift of coastal mountains, which, in
combination with terrain highly susceptible to erosion and the presence of steep, short
rivers, provides a significant source of terrigenous sediment delivery to the coast (Lee et
al., 2009). In the SBB most of the terrigenous sediment bypasses the narrow shelf and is
deposited near the shelf edge, creating prograding shelf edge deltas with foresets extending
down the slope (Greene et al., 2006; Lee et al., 2009). Sediment packages characterized as
slope deposits (Lee et al., 2009) cover 96% of the SBB below the shelf break (Behl, 1995).
During the Quaternary, sediment delivery to the SBB is predominately fine grained,
with much of the basin below 200 m containing less than 10% sand (Greene et al., 2006).
Sediment accumulation rates along the western flank fall in the range of 173 cm/ka to 200
– 250 cm/ka at the lower to mid-slope areas (Thornton, 1984; Edwards et al., 1995;
Eichhubl et al., 2002; cited in Greene et al., 2006). Documented submarine landslides in the
SBB include the Goleta landslide complex, the Conception Fan slide, Gaviota slide, and two
slides east of the Goleta slide termed East Slide 1 and East Slide 2 (Figs. 1 and 9) (Duncan et
al., 1971; Fisher et al., 2005; Greene et al., 2006). Near the Gaviota slide, sedimentation
rates range from 0.8 to 1.9 cm/ka (Lee et al., 2004).
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Figure 9: Multibeam shaded bathymetric image of the northern slope of the Santa
Barbara Basin (from Greene et al., 2006).
The westernmost slide in the basin is the Conception fan slide. The Conception fan
lies on the northern flank of the basin, southeast of Point Conception. The inactive
Quaternary fan extends a distance of 25 km from the shelfbreak at 90 m depth, southeast to
the basin floor at 550 m depth (Fischer and Cherven, 1998). It consists of four major 30 –
40 m thick sand-thin mudstone sequences that total at about 150 m in thickness (Fischer
and Cherven, 1998). The slide is positioned on the southern margin of the fan. It is ~2.3
km wide and ~6 km long, with an area of 14 km2 (Greene et al., 2006). The slide slopes at
an angle of 1.5° (Greene et al., 2006).
By far the largest landslide within the SBB is the Goleta landslide complex which is
composed of multiple slope failures that reach 14 km long and 11 km wide. These
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combined failures have resulted in Holocene displacements of 1.5 – 1.75 km3 (Eichhubl et
al., 2002; Fisher et al., 2005; Greene et al., 2006; cited in Lee et al., 2009). The complex has
as many as 24 individual major or minor failures that are expressed on its surface (Greene
et al., 2006). Three major lobes, the western, central, and eastern, are readily recognizable
with distinct head scars, blocks, secondary deposits, and displaced masses (Greene et al.,
2006). An estimated age for the central and eastern segments of the landslide complex of
8,000 – 10,000 years has been calculated using sediment thickness and sediment
accumulation rates (Green et al., 2006). There are at least 3 mass transport deposits
beneath the western lobe that, when traced to ODP 893, have approximate ages of 75, 130,
and 164 ka (Lee et al., 2009). A chirp seismic-reflection profile that passes over ODP site
893 and cuts across the western lobe indicates a thin, 0.01s or 8m, layer of sediment over
the landslide. If the 1.45 m/ka accumulation rate for the ODP site is accurate, then the
sedimentary cover on the slide is ~6 ka in age (Lee et al., 2009).
Notable geomorphic features are present in the area east of the Gaviota slide and
west of the Goleta complex. A propagating fissure extends eastward from the headwall of
the Gaviota slide. This east-west feature has a length of ~7 km, a width of ~10 m, and is ~2
m deep, and exists on the slope at a depth of 340 m (Greene et al., 2006). The slope in this
area is covered by gullies and rills (Fig. 9) from a depth of 220 m to 500 m with the larger
and more well developed gullies located just west of the western lobe of the Goleta
complex (Greene et al., 2006). Near the base of these well-developed gullies is a bulge of
sediment termed the Goleta bulge by Greene et al. (2006) and interpreted as the possible
result of downslope creep. Greene et al. (2006) note that on the upper slope above these
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well-developed gullies are an east-west trending zone of pockmarks. This is an area of
extensive seafloor gas venting (Quigley et al., 1999; as cited in Greene et al., 2006).
The Gaviota slide is located 15 km southeast of Gaviota (Edwards et al., 1995). It is
situated on the slope with its headwall at a depth of 365 m and its toe at 511 m (Green et
al., 2006). The slide is 1.65 km wide and 2.6 km long, covering an area of 3.78 km2 (Greene
et al., 2006). The head scarp is ~8 m in height with a slope of 16.7° (Greene et al., 2006).
The overall slope of the slide is 3° (Greene et al., 2006), with the failure beginning in the
upper part of well-bedded, seaward-thickening marine deposits on a slope of 4° and ending
on a slope of 1° (Edwards et al., 1995). Occurring in predominantly fine-grained sediment,
Edwards et al. (1995) classified this failure a mudflow and proposed that a nearby
earthquake triggered the landslide. Notable earthquakes in the area include the M 6.3
Santa Barbara earthquake of 1925, 25 km away from the location of the failure, and the M
7.0 – 7.5 earthquake of 1812, with an estimated epicenter at a distance of 25 – 50 km from
the failure (Edwards et al., 1995). The slide has undergone retrogressive failure, with
secondary sliding occurring along the eastern section (Edwards et al., 1995). The scarp has
eroded 300 m upslope and lies at 374 m depth in the east compared to 400 m depth in the
west (Edwards et al., 1995). Due to the resolution of the study carried out by Edwards et
al. (1995), they were unable to determine if the series of slope failures occurred rapidly or
were spread out over time.
The study by Edwards et al. (1995) also included an investigation of the sediments
using a collection of 13 gravity cores (7.6 cm in diameter and 1.5 – 2.9 m long) throughout
6 sites in the area of the Gaviota failure zone. Their analysis shows a relatively constant
grain size down the length of the core. Additionally, Edwards et al. (1995) indicated that
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with increasing distance from the shelf-edge, there is decreasing mean grain size,
increasing pore water content, decreasing bulk density, and increasing porosity.
Exceptions to these trends occur in cores that were recovered from the scar, where the
undrained vane shear strength increases abruptly from 6 kPa to over 16 kPa at a depth of
0.5 m (Edwards et al., 1995). They conclude that the increase is due to the preloading of
sediment beneath this depth before failure and that the 0.5 m above represents postfailure
sedimentation (Edwards et al., 1995).
Sedimentation rates in the area of the Gaviota slide range from 0.8 m/ka (Marks et
al. 1980; cited in Edwards et al. 1995) to 1.4 m/ka (Duncan et al. 1971; cited in Edwards et
al., 1995). Duncan et al. (1971; cited in Edwards et al., 1995) measure postfailure
sedimentation of 0.15 m, which indicates failure at 100 years ago using these
sedimentation rates. However, the 0.5 m recovered by Edwards et al. (1995) indicates
failure occurred 350 – 625 years ago. It is possible that a significant portion of the
postfailure sedimentation is due to the secondary deposits associated with retrogressive
failure, and if so, the age of the failure may have been within the past few centuries
(Edwards et al., 1995). Triaxial strength testing of the cores from Edwards et al. (1995)
show friction angles ( ’) of the sediment to range from 29° - 42°, with a mean of ~ 35°
(Edwards et al., 1995). Since the slope near the failure is ~4°, they conclude that it is
unlikely to have been caused by drained gravitational loading (Edwards et al., 1995). It is
also unlikely that the slide was caused due to ocean wave action, since the maximum
probable storm waves that would cause surface sediment failure could not exceed a depth
of 81m in the Gaviota slide area, where failure occurs at ~375 m (Lee and Edwards, 1986;
Edwards et al., 1995). Edwards et al. (1995) conclude that even the combined forces of
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gravity and storm-wave generated stresses are insufficiently large to cause failure, and
thus suggest that only earthquake loading would generate a stress large enough to trigger
failure.
Four major mechanisms that act to cause submarine slope failure in the Southern
California Borderland (SCB) have been suggested: sediment accumulation, fluid flow,
tectonic oversteepening, and seismic excitation (Greene et al., 2006). Sedimentation rates
are documented as being relatively high along the mainland slopes of the SCB (Lee et al.,
2009), and the SCB are known to be a site of hydrocarbon exploration containing multiple
oil and gas reservoirs. High resolution multibeam bathymetry data show geomorphic
features indicative of gas seepage, and Eichhubl et al. (2000, 2002; as cited in Greene et al.,
2006) observed evidence of active venting of gas and oil, bacterial mats, precipitates of
authigenic carbonate, and mud and tar volcanoes. Fisher et al. (2005) suggest that tectonic
oversteepening is heightened in areas near faults and anticlines, and the presence of
multiple, wide-reaching thrust faults and anticlinal trends are well documented along the
north flank of the SBB (Fischer, 1998; Fisher et al., 2005; Greene et al. 2006; Luyendyk,
1998). For a basin known to experience each of the conditions presently believed to be
responsible for submarine landslide occurrence, only discreet areas of the continental
slope have undergone failure. Of these failures, only one location (the Goleta landslide
complex) is well documented as having experienced several failure events, with
reoccurrence dating back as far as ~ 410 ka (Nicholson et al., 2006; cited in Lee et al.,
2009). It is therefore hypothesized that other poorly understood factors must be acting to
precondition slopes for failure (Lee et al., 2009).
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Geophysical Data
This study utilizes state-of-the-art 3D multichannel seismic (MCS) reflection
datasets (both time and depth-migrated), reprocessed 2D seismic reflection profiles, and
multibeam bathymetry. Tracking information from several well logs collected by
ExxonMobil were used to give estimated time constraints on mapped horizons. No
petrophysical analyses were conducted using the well logs.

3D Multichannel Seismic Reflection
The 3D MCS dataset was acquired by ExxonMobil in 1995 using a dual source/six
streamer array (Molyneux and Moreland 2012). While the particular details of processing
steps taken by ExxonMobil are generally unavailable due to proprietary restrictions,
Molyneux and Moreland (2012) note that “from 1996-2010, this dataset was reprocessed
five times, each time using the most current processing and imaging algorithms. Step
changes in imaging uplift were achieved from the initial 1996 Isotropic Kirchoff Time
Migration to the current 2010 Anisotropic Reverse Time (RTM) Depth Migration.” In-lines
and cross-lines cover a range of ~12.277 km and ~37.798 km, respectively, with a Z range
from 0 – ~8.004 km in the depth volume and 0 – 6,000 ms in the time volume. In-lines are
oriented 94.63° from north. The area of the depth-migrated is 492.24 km2 and
encompasses sections of the conception fan and the northern slope in the SBB. The
sampling interval is ~5 m for the depth-migrated volume and 4 ms for the time volume.
Polarity in both the depth-migrated and time volumes are assumed to be in European
polarity, as the seafloor is marked by black-red-black (black denoting a positive amplitude,
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red denoting a negative amplitude) reflectors. European polarity displays an increase in
impedance as a negative amplitude value (Brown, 2001).

2D Multichannel Seismic Reflection
The two 2D MCS datasets were acquired by the USGS in 2002 on the M/V Auriga
with a SIG ‘2 mille’ mini-sparker operating at 2 kJ and with a frequency range of 30 – 1000
Hz. Shots were spaced at 3 second time intervals and were recorded using a 0.25 ms
sample rate and 3 s record length. A 24-channel soil-core ITI streamer was used that was
comprised of 10 m long groups that contained 3 hydrophones per group. Reprocessing
steps of the previously released profiles
(http://walrus.wr.usgs.gov/infobank/a/a102sc/html/a-1-02-sc.meta.html) by the USGS
using included: (1) corrections to geometry calculations, (2) detailed trace editing, (3)
butterworth bandpass filtering, (4) dip filtering, (5) wavelet shaping, (6) velocity analysis,
(7) common depth point (CDP) trim statics corrections, (8) CDP stacking, (9) migration,
(10) post-stack predictive deconvolution, and (11) automatic gain control. The locations of
the 2D transects, one which crosses the Gaviota slide and the other in the easternmost area
of the 3D volume, are indicated in figure 1.

Multibeam Bathymetry
The multibeam bathymetry data (Figs. 1 and 2) were previously published by the
USGS and the Monterrey Bay Aquarium Research Institute (MBARI)
(http://www3.mbari.org/data/mapping/Santa_Barbara_Basin/default.htm). The dataset
was collected in April of 1998, using a Simrad EM300 multibeam system with a 30 kHz
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frequency. Data were collected onboard the M/V Ocean Alert at speeds of 8 – 10 knots.
Processing was carried out using the open source software package MB-System, originally
developed at the Lamont-Doherty Earth Observatory (LDEO) and now maintained by both
LDEO and MBARI (http://www.mbari.org/products/research-software/mb-system/).
Resolution of the data throughout the basin ranges from 30 to 3 m grid cell sizes. In the
same area of the 3D seismic data, the multibeam bathymetry data were processed to a 10 m
grid cell.
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Methodology and Data Analysis
The 3D data were post-processed and analyzed using OpendTect (and associated
plugins), an open source software package created by dGB Earth Sciences. Horizon
mapping was conducted within the depth volume and utilized a dip-steered volume. A
neural network fault ‘probability’ cube was generated to guide fault mapping in the depth
volume. A windowed energy attribute calculation was conducted on the seafloor horizon
within the time volume to characterize the energy of the shallow substrate.

Dip-steered Horizon Mapping
A dip-steered volume containing structural information was created in order to
guide in the tracking of seismic events. Auto-adaptive dip-steering tracks the same wave
phase of a seismic event between adjacent traces in order to calculate the local dip and
azimuth for that event (Tingdahl and Rooij, 2005). This process calculates the time-lag (or
depth-lag) between adjacent traces of the same seismic event in order to structurally-steer
event tracking (Tingdahl and Rooij, 2005) (Fig. 10). When this process is completed, the
dip-steered volume contains the local dip and azimuth at every sample location, providing
directivity information for increased accuracy of mapping and seismic attribute
calculations (Tingdahl and Rooij, 2005). For this study the dip-steered volume was created
using 1 × 1 × 1 (in-line, cross-line, sample interval) step-outs. Dip-steered horizon mapping
was conducted tracking either the most positive or most negative (depending on the
horizon being tracked) wave phase of a seismic event within a depth-window of +/- 15.24
m, while using a relative difference threshold. Horizons points were picked at an interval
no greater than 187 m (more often ≤ 94 m in gas-rich and faulted areas) between in-lines
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and cross-lines in order to identify the lateral continuation of the event. Resulting horizons
were gridded using a 5 × 5 in-line – cross-line step-out, convex hull scope, inverse distance
algorithm, and a 76.2 m search window. After gridding, horizons were then filtered using a
median filter with a 5 × 5 in-line – cross-line step-out to reduce the effects of noise.

Figure 10: The steps of dip steering from trace one to trace three. Dashed lines
represent the local dip and azimuth; solid lines between the traces represent the path of
the steering. (a) The local dip and azimuth are followed from the starting trace to the next
trace of the path toward the target trace. (b) Optionally, an aperture centered on the
intercept time (gray) can be searched for the same phase as at the start point on trace one.
If the phase is found within the aperture, the time is adjusted to the time of equal phase. If
not, the intercept time is assumed to be the best available estimate. (c) The local dip and
azimuth are calculated at the (optionally phase adjusted) intercept time and followed
further along the path toward the target trace. The procedure of calculating local dip and
azimuth, following their direction and optionally the phase lock, is repeated along the path
to the target trace (after de Rooij and Tingdahl, 2002).

Neural-network Fault Cube and Fault Mapping
A semi-automatic seismic object detection method (Meldahl et al., 1999) was used
for the initial mapping of faults. This method improves mapping efficiency by increasing
the detectability and visualization of seismic objects (Meldahl et al., 1999). The method
used in this study used directive attributes and a supervised neural network approach to
generate a fault cube (meta-attribute) that highlights potentially faulted zones by
displaying fault probability (Tingdahl and Rooij, 2005; Meldahl et al., 1999). The meta40

attribute calculation used was a preset list defined within the OpendTect workflow. The
individual attributes used in a workflow are chosen such that they best highlight the
seismic responses that are characteristic of the geologic object being pursued (Tingdahl
and Rooij, 2005; Meldahl et al., 1999). The workflow used in this study was similar to that
of Kluesner and Brothers (2016).
The first step in employing this method involved two categories of user picking,
faulted and non-faulted locations, along 2D seismic depth sections (Tingdahl and Rooij,
2005; Meldahl et al., 1999) (Figs. 11 and 12). Following user picking, multiple attribute
calculations are run at the picked locations. This step trains a multilayered perceptron
artificial neural network such that a high output value of 1 (100% fault probability) is given
at picked fault zones and a low output value of 0 (0% fault probability) is given at picked
non-fault zones (Tingdahl and Rooij, 2005; Meldahl et al., 1999). Lastly this trained neural
network is applied to the full data volume, calculating fault probability (from 0 – 1) at every
sample location in the dataset by determining the similarity in the response of the various
attribute nodes with the user picked non-fault and fault zones (Tingdahl and Rooij, 2005;
Meldahl et al., 1999).
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The meta-attribute calculation in this study utilized 32 attributes (Fig. 13) tuned to
detect lateral discontinuities characteristic of faulting. One of the major attribute
calculations used is similarity, which is a type of coherency attribute that calculates how
much two or more traces segments look alike by comparing the amplitude values of the
trace positions within time gates (Tingdahl and Rooij, 2005; Odoh et al., 2014). Faults tend
to place out-of-phase amplitudes next to each other, yielding a low similarity value
(Tingdahl and Rooij, 2005; Odoh et al., 2014). Faults can only be detected by similarity if
the trace segments being compared are on either side of the fault, which makes it necessary
to run the similarity calculation at a number of different orientations and distances
between the segments to be compared (Tingdahl and Rooij, 2005). Another key attribute
suite in detecting faults are curvature attributes, which calculate the shape of a horizon
with the use of the local dip and azimuth gathered from the dip-steered volume (Tingdahl
and Rooij, 2005). By convention, positive values are given to anticlinal or ridge features and
negative values are given to synclinal features (Roberts, 2001). Faults typically display
positive curvatures on the upthrown block and negative curvatures on the downthrown
block (Odoh et al., 2014). The use of most positive curvature and most negative curvature
attributes highlights the locations of faults by juxtaposing high responses in these
attributes across a fault plane (Roberts, 2001; Tingdahl and Rooij, 2005; Odoh et al., 2014;
Kluesner and Brothers 2016). Faults can also cause abrupt changes in the frequency
response, making the various frequency attributes additionally important calculations for
highlighting fault location (Tingdahl and Rooij, 2005).
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The fault cube calculation in this study used 7386 picks of faulted zones and 11,569
picks of non-faulted zones (Figs. 11 and 12). The summary of the supervised neural
network training used for this study is displayed in Table 1. Key attributes for training the
classification of faults were most positive curvature, curvatureness, TWT, noise, signal to
noise ratio, and frequency calculations (Table 1). To clearly display locations with high
fault probability on z-slices or mapped horizons, a transparent-to-black color-scheme was
used that displays fault probabilities greater than ~75% grading into black at 100% (Fig.
14). Initial fault mapping was conducted by displaying the results from the neural network
fault cube on in-lines, cross-lines, and z-slices and manually picking areas of both vertical
and horizontal continuous high probability zones along the strike and dip of the apparent
faults (Fig. 14). After faults were mapped using the fault cube as an initial guide, they were
crosschecked and adjusted using the seismic depth volume to verify fault location and
continuity.
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Energy Attribute Analysis
An energy attribute calculation was run on the picked seafloor horizon within the
time volume using a window gate of 50 ms below the seafloor reflector. This attribute
calculates the sum of amplitudes squared within the time-gate (Tingdahl and Rooij, 2005)
and the results were then projected onto the seafloor. High amplitude reflectors are seen
where there is a large change in acoustic impedance across a boundary. These changes in
amplitude (i.e. “bright spots”) are used as direct hydrocarbon indicators (Simm and Bacon
2014). This study uses the energy attribute calculation to identify and visualize high
amplitude reflectors for the purpose of highlighting zones of shallow gas. A transparent-tored color scheme was used over the seafloor to visualize the shallow energy calculation,
displaying the highest energy values in red. The seafloor horizon is displayed in grey scale
so that the result of the energy attribute calculation is clearly visible. A second energy
attribute calculation was conducted on select in-lines and cross-lines through the Gaviota
landslide and the western fissure. This calculation was done in the depth volume using a
+/- 5 ft window in order to characterize the energy of reflectors.
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Results
3D Horizon Mapping
Four distinct laterally continuous seismic reflectors horizons were mapped as
horizons in this study. The seafloor reflector was the only horizon initially mapped in the
time volume (because of the higher resolution) by tracking along the first negative
amplitude and was then imported into the depth-migrated volume using a velocity of 1,500
m/s (Fig. 15). All other horizons were mapped in the depth-migrated volume and include:
a marker bed within the Plio-Pleistocene that was tracked along positive amplitudes (Fig.
16), a Pliocene marker bed tracked along negative amplitudes (Fig. 17), and the base of the
Repetto formation tracked along positive amplitudes (Fig. 18). The depth ranges for these
horizons are ~100 – 525 m, ~260 – 960 m, 420 – 1,300 m, and 1,300 – 2,420 m,
respectively. Relative ages for these horizons were determined by matching track depths
of horizon reflectors from 21 well logs with well log interpretations from the Santa Barbara
Channel Structure and Correlation Sections by the Pacific Section A.A.P.G. Cross Section
Committee (Forman and Redin, 2005; Redin, 2005). This study does not include
petrophysical analysis from these well logs. The relative depths of these horizons is shown
in figure 19, where the seafloor is shown in red, the Plio-Pleistocene marker bed is shown
in blue, the Pliocene marker bed in green, and the Base of the Repetto formation is in
purple.
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3D Fault Mapping
Results from fault mapping indicate the presence of multiple east-west trending
thrust faults (Figs. 20 and 21). These faults are interpreted to be strands of the North
Channel – Pitas Point (NC – PP) fault system (Sorlien and Nicholson, 2015). The largest
fault strand in the area of the 3D volume is mapped in green and extends ~19.03 km from
the eastern extent of the volume through the Hondo anticline (Figs 20, 21D, and 22). The
tip of this fault is mapped at depths as shallow as ~ 685 m. At depth, this strand has been
mapped to ~ 4,115 m, where the eastern segment of the strand appears to connect with a
deeper fault displayed in red (Fig. 20). This strand (red) extends ~ 9.67 km in length and
has been mapped at depths ranging from ~ 1,220 m – 3,200 m. At the westernmost extent
of the green strand, a splay fault is mapped in blue. There is an apparent bend of the fault
system, as the strike of the blue fault is roughly NE-SW in comparison to the east-west
trend of the green and red segments. The blue fault extends ~ 7.15 km in length and is
mapped from depths of ~ 1,370 m – 3,500 m. Northwest of this bend is another prominent
thrust fault mapped in yellow. This fault is ~ 10.75 km in length and mapped at depths
ranging from ~ 1,750 m – 3,658 m. Two smaller scaled, local splay faults are mapped east
of the Hondo anticline and are discussed below.
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Observations of Structural and Stratigraphic Architecture
The deeper basin structural patterns are evident along the Base Repetto horizon, as
east-west trending syncline and anticlines are the dominant structures (Figs. 18, 21D, and
22). The anticlines include one in the southwest, the Pescado anticline, one in the
northwest, a name for which was not found in the literature, and one in the east, the Hondo
anticline. These anticlines are known structural traps for oil (Lockman and Schwalbach,
1996). ExxonMobil Hondo and Harmony drilling platforms both produce from the Hondo
field and the Heritage platform produces from the Pescado field, all three tap into the
Monterey Formation as the primary reservoir (Lockman and Schwalbach, 1996). Folding
of the Pescado and northwestern anticlines beneath the Conception Fan does not appear to
be active, as folding of strata die out at ~ 580 m depth. The Hondo anticlinal-synclinal pair
exhibits continuous depositional thinning and thickening of sediment to a depth of ~ 275 m
(~ 75 m below the seafloor), and is potentially active.
Both the Pliocene and Plio-Pleistocene marker beds have a slope parallel, east-west
trend of uplift to the east from the Hondo anticline to the limit of the 3D volume. The
pronounced uplift of this region of the northern slope exists along the strike of the green
and red segments of the NC – PP fault system. This uplift occurs beneath the eastern
fissure. Cross-lines that are roughly perpendicular to the trend of this feature show that
beneath this uplift there is an increase in the slope of reflectors with depth.

Observations of Substrate Architecture near the Gaviota Landslide
Within the seismic data located beneath the Gaviota slide, two small splay faults
have been mapped that are slightly off-strike of the green segment of the NC – PP fault
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system, exhibiting a more northeast-southwest orientation (Fig. 23). The larger of these
splay faults (teal) can be traced at depths ranging from ~ 1,220 m – 2,285 m with a
maximum lateral extent of ~ 1.84 km. The smaller splay fault (purple) is present at depths
ranging from ~ 915 m – 1,370 m with a maximum lateral extent of ~ 1.17 km. These small
fault zones are located directly below an area of localized and enhanced uplift visible in
both the Pliocene and Plio-Pleistocene marker beds (Fig. 23 B and C). This ~ 0.699 km2
area (estimated from the Pliocene marker bed) of uplift breaks up the continuous trend in
gradient along the northern slope that is evident east of the Hondo anticline in both the
Pliocene and Plio-Pleistocene marker beds. An overlay of the fault cube on the Pliocene
marker bed shows a roughly linear and continuous area of faulting along the northern
slope that coincides with the green segment of the NC – PP fault system (Fig. 23). In the
area beneath the Gaviota slide on this horizon, a cluster of high fault probability is present
just south of the green segment, updip of the splay faults below, and also at the southern
edge of the localized uplift. This high probability fault zone occurs beneath the enhanced
uplift visible in the Plio-Pleistocene marker bed, which is present beneath the central and
eastern extent of the headwall of the Gaviota slide, specifically in the area that has
undergone retrogressive failure (Edwards et al., 1995; Lee et al., 2004). This area of
localized uplift is readily seen in 2D cross-sections (locations of which are shown in fig. 24)
both perpendicular (Fig. 25) and parallel (Fig. 26) to the northern slope. In the slopeperpendicular profile, localized uplift is evident in the trace of the Plio-Pleistocene marker
bed above an area of extensive faulting (Fig. 25). In the slope-parallel profile, both the
Pliocene and Plio-Pleistocene marker bed traces show enhanced uplift that does not follow
the regional trend in uplift associated with the Hondo anticline (Fig. 26).
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Observations of Architecture near the Western Fissure
A second zone of focused shallow deformation located west of the Gaviota slide
displays a similar pattern. The overlay of the fault cube on the Pliocene marker bed
indicates another cluster of high fault probability slightly off the trend of the green segment
of the NC – PP fault system (Fig. 23C). This area of high fault probability is directly under
an area of enhanced, localized uplift visible in the Plio-Pleistocene marker bed (Fig. 23B).
An overlay of the seafloor horizon shows that this uplifted section is present beneath the
western fissure ~2000 m west of the Gaviota slide (Fig. 23). The area of apparent uplift is
smaller than the uplifted area beneath the Gaviota slide, at ~0.399 km2 in the Pliocene
marker bed (Fig. 23B). 2D seismic profiles through the western fissure both perpendicular
(Fig. 27) and parallel (Fig. 28) to the northern slope indicate apparent localized uplift
within shallow strata. Uplift in the slope perpendicular profile appears even more
pronounced than that seen in the profile beneath the Gaviota slide. Deformation in the
profiles appears to be present in depths as shallow as ~ 410 m (~ 65 m beneath the
seafloor) (Figs. 27 and 28).
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2D Multichannel Seismic Reflection
The reprocessed sparker transect over the Gaviota landslide (Figs. 1 and 29) clearly
displays both the toe and the headwall of the landslide. A minor scarp is visible just above
the head of the deposited material, at common depth point (CDP) ~ 975 (Hampton et al.,
1996). Reflectors beneath the headwall steepen with depth, suggesting that this area of the
slope has experienced progressive uplift. Reflectors between (CDP) ~ 1,100 – 1,150, the
slope of reflectors decreases abruptly, appearing as a sub-horizontal platform, before
steepening again. South of the toe, a ~ 0.5 s thick wedge characterized by turbidity of high
amplitude reflectors is evident beginning at a depth of ~ 0.75 s. In the 2D profile located
near the eastern extent of the 3D volume (Fig. 1), there are multiple instances of apparent
thin-skinned faulting at shallow depths (Fig. 30).
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Energy Attribute Analysis
The energy attribute calculation within a 50 ms window below the seafloor revealed
a high energy anomaly that is present along the downslope area of the eastern channel of
the Conception Fan (Fig. 31). This anomaly appears to trend east-west along the basin
floor along the southeastern limit of the volume. This zone of high energy occurs in
sediments downslope of the trend of uplift visible in the Plio-Pleistocene and Pliocene
markers beds discussed above. An additional high energy anomaly is seen in the area
below the seafloor pockmarks that is also located above the Hondo anticline. Energy
attribute analyses run on cross-lines and in-lines of the depth volume using a window of
+/- 5 ft show focused areas of high energy that coincide spatially with the uplifted blocks
beneath both the Gaviota slide and the western fissure (Figs. 32 and 33). These high
energy zones appear with some degree of vertical continuity in these areas of shallow
deformation. The observed semi-vertical trends may be an indication of the presence of
gas chimneys. In the energy attribute calculations conducted on the cross-lines through
both the Gaviota landslide and the western fissure, high energy reflectors are seen at
shallow depths downslope of the localized uplifts (Figs. 32A and 33A).
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Discussion and Conclusions
Basin deformation and depositional patterns interpreted from 3D seismic data and
horizon mapping suggests that folding and uplift along the Hondo anticlinal trend is very
young and potentially active. Fault mapping of the green and red segments of the NC – PP
fault system indicates faulting is visible within the seismic data to depths as shallow as ~
685 m. Uplift visible updip of the mapped fault tips indicates that blind thrust faulting and
associated fault propagation folding may continue above these mapped faults to shallower
depths. The combined deformation associated with these fold and fault trends appears to
contribute to an east-west trend of uplift along the northern slope that is visible in both the
Plio-Pleistocene and Pliocene marker beds (Fig. 23 B and C). Contours displayed on the
Plio-Pleistocene marker bed in figure 28B show an approximately uniformly uplifted
section with a gradient of ~ 0.317 that is continuous over a length of ~ 2,875 m east of the
location of the Gaviota landslide. The eastern fissure extending from the Gaviota landslide
occurs ~ 200 m above this uplift zone. The energy attribute calculation conducted on the
shallow subsurface and projected onto the seafloor horizon indicates a high energy
anomaly associated with recent deposition along the end of the eastern channel of the
Conception fan (Fig. 31). This high energy anomaly extends out to the basin floor, trending
in an approximately east-west orientation. The high energy (large amplitude) values are
interpreted as being a direct hydrocarbon indicator, and their reverse polarities suggest
concentrated gas (Simm and Bacon 2014). The recent deposition of these shallow, gascharged beds occurs downslope of the uniformly uplifted trend visible in the PlioPleistocene and Pliocene marker beds. Due to the stratal geometry of these beds, it is
proposed that gas present in these deposits migrates updip (north) along the northern
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slope and across the continuous trend of uplift associated with the NC – PP fault system.
Because the eastern fissure spatially coincides with the combined uplift of the Hondo
anticlinal trend and NC – PP fault system, it suggests that there may be gas migration and
venting of the onlapping, gas-charged strata, potentially through thin-skinned faulting, as is
seen in the eastern 2D sparker transect, or other forms of shallow deformation (Figs. 23
and 30). Seafloor pockmarks are also present above the Hondo anticline in the location of
another high-energy zone, suggesting that fluid migration pathways are present above this
fold (Fig. 31).
Two small imbricate thrust faults (teal and purple) are mapped beneath the Gaviota
landslide and are slightly off-strike (more southwest-northeast) from the NC – PP fault
system (Fig. 23 B and C). The teal and purple faults are mapped to ~ 835 m and ~ 570 m
below the seafloor, respectively. Although the splay faults were not mapped to depths as
shallow as the Pliocene marker bed, an overlay of the NNFC on this horizon indicates a
localized trend of high fault probability that exists ~ 850 m south of the NC- PP fault
system. This clustering of high fault probability occurs approximately at the updip
continuation of the mapped splay faults and at the southern extent of the locally uplifted
block (Fig. 23C). These off-strike thrust faults are interpreted to have caused the uplifting
of this block that appears as a half-dome shape with gradients of ~ 0.371, interrupting the
area of uniform uplift to the east (Fig. 23B). The section of high fault probability, while it
does not appear as faulting in the resolution of the seismic depth data, could be an
indication of shallow deformation associated with fault propagation folding and uplift. This
locally uplifted block coincides spatially with the headwall of the Gaviota landslide. This
block is present beneath the central and eastern side of the landslide, beneath the sections
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of headwall that have undergone retrogressive failure (Edwards et al., 1995; Lee et al.,
2004).
The energy attribute calculation conducted on cross-line 1980 through the Gaviota
landslide indicates gas-charged depositional packages within the shallow sediments south
of the landslide (Fig. 32A). High energy zones interpreted as gas charged sediments are
also notable within and above the localized area of enhanced uplift. The energy attribute
calculation conducted on in-line 907 suggests the presence of trapped gas within the
domed uplift (Fig. 32B). The vertically continuous high-energy zones in figures 32 and 33
suggest that there may be upward migration of fluids (i.e., potential chimney pathway).
Shallow deformation in and above the uplifted blocks could potentially increase the
upward mobility of gas by creating least resistance fluid migrations pathways. Although
thin-skinned faulting is not evident in the high resolution 2D MCS transect through the
Gaviota landslide, it is visible in the transect to the east in young sediments, suggesting that
this type of deformation could potentially exist in other locations along the NC – PP fault
system and in areas of localized uplift (Fig. 30). Because of the half-dome shape of the
uplifted block, it is possible that fluid migration from downslope sources focuses a greater
amount of fluid per area in the laterally confined updip sections of these beds (similar to
structural trapping in anticlines) than the zone of uniform uplift to the east. It is believed
that both the updip migration of fluids within beds that thin over the uplifted block, as well
as the potential vertical migration of fluids through faulting and shallow deformation
within these blocks, act together to create an area that focuses and concentrates gas in the
shallow subsurface.
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A conceptual model that describes the combined factors that preconditioned the
Gaviota landslide for failure is proposed in figure 34. The model suggests that active
regional deformation caused by fold and fault trends contribute to slope parallel uplift of
shallow strata. Imbricate splay thrust faults create localized zones of enhanced uplift, fault
propagation folding, and shallow deformation. Downslope of the uplifted strata, shallow
fan apron deposits are charged with gas. These gas-charged strata onlap and thin over the
zone of enhanced uplift, creating an area of updip gas and fluid focusing. Zones of
enhanced pore fluid overpressure are expected in these areas where the gas-charged strata
are pinched out over the locally uplifted blocks. This interpreted zone of enhanced pore
fluid overpressure coincides spatially with the headwall and failure surface of the Gaviota
landslide. It is proposed that the combination of shallow, localized deformation associated
with fault propagation folding and onlapping gas charged sediments act to precondition the
slope for failure.
Approximately 2000 m west of the Gaviota landslide is another zone that exhibits
similar characteristics to the Gaviota slide region. Shallow deformation and localized uplift
are visible in the Plio-Pleistocene and Pliocene marker beds beneath the western fissure
(Fig. 23 B and C). In-lines and cross-lines through the western fissure indicate that
deformation associated with this uplift reaches shallow depths, just ~65 m below the
seafloor, which suggests that the deformation is recent and potentially active (Figs. 27 and
28). Gradients of ~0.452 occur in the Plio-Pleistocene marker bed along this uplifted block,
steeper than along the uplift beneath the Gaviota landslide. The energy attribute
calculation of cross-line 1824 indicates that shallow strata downslope of the fissure contain
a larger area of gas-charged sediments compared to the downslope area of the Gaviota
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uplift (Figs. 32A and 33A). Additionally, the attribute results show a greater concentration
of high energies within the domed strata of the enhanced uplift. The energy attribute
calculation on in-line 874 also shows focused areas of high energy in the uplifted zones
with some degree of apparent vertical continuity (Fig. 33B). Due to the similarities in
structural and stratigraphic architecture of this site with the area of the Gaviota slide and
the conceptual model, it is proposed that the region surrounding the western fissure
should be considered landslide prone.

80

81

References
Atwater, T., 1970, Implications of plate tectonic for the Cenozoic evolution of western
North America, Geol. Soc. Am. Bull. 81, 3513-3536
Atwater, T., 1998, Plate tectonic history of the Transverse Ranges and Channel Islands,
Southern California, Am. Assoc. Petrol. Geol. Bull., 82, 841.
Behl, R.J., 1995, Sedimentary facies and sedimentology of the Late Quaternary Santa
Barbara Basin, Site 893, In: Kennett, J.P, Baldauf, J.G., Lyle, M., Proc. ODP Sci. Results
146, 295-308
Brown, A.R., 2001, Data polarity for the interpreter, The Leading Edge, 20, 549.
Cathles, L.M., Su, Z., Chen, D., 2010, The physics of gas chimney and pockmark formation,
with implications for assessment of seafloor hazards and gas sequestration, Marine
and Petroleum Geology, V. 27, Is. 1, January 2010, Pgs. 82-91, doi:
10.1016/j.marpetgeo.2009.09.010.
Duncan, J.R., Hoover, R.A., Pflum, C.A., Widmier, J.M., and Daetwyler, C.C., 1971, Near surface
geology of the Santa Ynez Unit, Santa Barbara Channel: Esso Production Research
Company Report, 58 p.
Edwards, B.D., Lee, H.J., Field, M.E., 1995, Mudflow generated by retrogressive slope failure,
Santa Barbara Basin California, J. Sediment. Res., Sect. A Sediment. Pet. Proc. 65, 5768.
Fischer, P.J., 1998, Structure and tectonics of the northwestern Santa Barbara Basin, in:
Structure and Petroleum Geology, Santa Barbara Channel, California, edited by:
Kunitomi, D.S., Hopps, T.E., and Galloway, J.M., Amer. Assoc. Petrol. Geol., Pacific
Section and Coast Geol. Soc., Misc. Publ., 46, Bakersfield, CA., 79-96.
82

Fischer, P.J. and Cherven, V.B., 1998, The Conception Fan, Santa Barbara Basin, California,
in: Structure and Petroleum Geology, Santa Barbara Channel, California, edited by:
Kunitomi, D.S., Hopps, T.E., and Galloway, J.M., Amer. Assoc. Petrol. Geol., Pacific
Section, Misc. Publication, 46, 155-182.
Fisher, M.A., Normark, W.R., Greene, H.G., Lee, H.J, Sliter, R.W., 2005, Geology and
tsunamigenic potential of submarine landslides in Santa Barbara Channel, Southern
California: Marine Geology, V. 224, Issues 1–4, 30 November 2005, Pages 1-22, doi:
10.1016/j.margeo.2005.07.012.
Forman, J. and Redin, T., 2005, Santa Barbara Channel structure and correlation sections,
Correlation Section no 37, Arroyo Hondo, Gaviota Quadrangle, Santa Ynez Mts. To
North West Santa Rosa Island: American Association of Petroleum Geologists, Pacific
Section, Publication CS 37, 1 sheet.
Forman, J., and Redin, T., 2005, Western Santa Ynez Mountains South Across the Santa
Barbara Channel to San Miguel Island; American Association of Petroleum
Geologists, Pacific Section, Publication CS 39, 1 sheet.
Galloway, J.M., 1998, Santa Barbara-Ventura basin province, In: Structure and Petroleum
Geology, Santa Barbara Channel, California, Miscellaneous Publication 46, edited by
Kunitomi, D.S., Hopps, T.E., Galloway, J.M., pp. 63–72. Pacific Section, Amer. Assoc.
Petrol. Geol., Bakersfield, CA.
Greene, H.G., Murai, L.Y., Watts, P., Maher, N.A., Fisher, M.A., Paull, C.E., and Eichhubl, P.,
2006, Submarine landslide in the Santa Barbara Channel as potential tsunami
sources: Natural Hazards and Earth System Sciences, v. 6, p. 63-88.
Hampton, M.A., Lee, H.J., Locat, J., 1996, Submarine Landslide, Rev. Geophys. 34, 33-59
83

Jackson, J., and Molnar, P., 1990, Active faulting and block rotations in the western
Transverse Ranges, California. Journal of Geophysical Research: Solid Earth (1978–
2012), 95(B13), 22073-22087.
Kluesner, J.W. and Brothers, D.S., 2016, Seismic attribute detection of faults and fluid
pathways within an active strike-slip shear zone: New insights from high-resolution
3D P-Cable™ seismic data along the Hosgri Fault, offshore California, Interpretation.
V. 4, February 2016,
Lee, H.J., 2009, Timing of occurrence of large submarine landslides on the Atlantic Ocean
margin, Marine Geology, V. 264, Issues 1–2, 1 August 2009, Pgs. 53-64, doi:
10.1016/j.margeo.2008.09.009.
Lee, H.J., and Edwards, B.D., 1986, Regional method to assess offshore slope stability:
Journal of Geotechnical Engineering, v.112, p. 489-509.
Lee, H.J., Normark, W.R., Fisher, M.A., Greene, H.G., Edwards, B.D., and Locat, J., 2004, Timing
and extent of submarine landslides in Southern California, Proceedings, Offshore
Technology Conference, Houston TX, OTC Paper 16744, 11pp.
Lee, H.J., Greene, H.G., Edwards, B.D., Fischer, M.A. and Normark, W.R., 2009, Submarine
landslides of the Southern California Borderland, GSA special papers, V.454,251269, doi: 10.1130/2009.2454(4.3).
Locat, J., Lee, H.J., 2002, Submarine landslides: advances and challenges, Canadian
Geotechnical Journal 39(1), 193-212.
Lockman, D.F., and Schwalbach, J.R., 1996, The Monterey Formation of the Santa Ynez Unit,
Part II: Fractures, borehole images, and production, Amer. Assoc. Petrol. Geol., Tulsa,
OK.
84

Luyendyk, B.P., 1998, Structure under the Santa Barbara Channel: The thick and thin of it,
in Kuitomi, D.S., Hopps, T.E., and Galloway, J.M. eds., Structure and petroleum
geology, Santa Barbara Channel, California, Amer. Assoc. Petrol. Geol. Pacific Section,
Misc. Publication 46, p. 79-96.
Meldahl, P., Heggland R., Bril, A.H., de Groot, P.F.M., 1999, The chimney cube, an example of
semi-automated detection of seismic objects by directive attributes and neural
networks: Part I; methodology, 69th SEG meeting, Houston, USA, Expanded abstracts,
931-934, doi: 10.1190/1.1438976.
Molyneux, J. and Moreland, K., 2012, Evolution of seismic interpretation with advancement
in multiple reprocessing efforts on a 3-D 1995 seismic dataset in the Montereyproducing Santa Ynez Unit, offshore California, AAPG Annual Convention, and
Exhibition, article #90142.
Nicholson, C., Sorlien, C.C., Atwater, T., Crowell, J.C., and Luyendyk, B.P., 1994, Microplate
capture, rotation of the western Transverse Ranges, and initiation of the San
Andreas transform as a low-angle fault system, Geol. Soc. Amer. Bull., 22, 491-495.
Odoh, I.B., Ilechukwu, J.K., Okoli, N.I., 2014, The use of seismic attributes to enhance fault
interpretation of OT Field, Niger Delta. International Journal of Geosciences 5: 826834.
Redin, T., 2005, Santa Barbara Channel structure and correlation sections, Correlation
Section no 42W, East-west Correlation Section Restored to Basal Miocene
Unconformity, Northwest Santa Barbara Channel and Subcrop Map Below the Basal
Miocene Unconformity Santa Barbara Channel Area Southern California, American
Association of Petroleum Geologists, Pacific Section, Publication CS 42W, 1 sheet.
85

Roberts, A., 2001, Curvature attribute and their application to 3D interpreted horizons,
First Break 19, 85-100.
De Rooij M. and Tingdahl, K.M., 2002, Meta-attributes – the key to multivolume, multiattribute interpretation, The Leading Edge 21, 1050-1053
Shaw, J.H., Suppe, J., 1994, Active faulting and growth folding in the eastern Santa Barbara
Channel, California, Geol. Soc. Am. Bull. 106, 607-626
Simm, R., and Bacon, M., 2014, Seismic amplitude — An interpreter’s handbook: Cambridge
University Press.
Sorlien, C.C., and Nicholson, C., 2015, Post 1-Ma deformation history of the Pitas PointNorth Channel-Red Mountain fault system and associated folds in Santa Barbara
channel, California: USGS NEHRP final report, Award G14AP00012, 24 p
Sultan, N., Voisset, M., Marsset, B., Marsset, T., Cauquil, E., Colliat, J., 2007, Potential role of
compressional structures in generating submarine slope failures in the Niger Delta,
Marine Geology, V. 237, Is. 3–4, Pgs. 169-190, doi: 10.1016/j.margeo.2006.11.002.
Tennyson, M.E. and Kropp, A.P., 1998, Regional cross section across Santa Barbara channel
from Northwestern Santa Rosa Island to Canada de Molino, In: Kunitomi, D.S.,
Hopps, T.E., Galloway, J.M., Structure and Petroleum Geology, Santa Barbara
Channel, California, Misc. Publ. 46, Pacific Section Am. Assoc. Petrol. Geol. Coast
Geological Society, Bakersfield, CA, 185-193.
Tingdahl, K.M. and de Rooij, M., 2005, Semi-automatic detection of faults in 3-D seismic
data, Geophys. Prospect. 53, 533-42.

86

